Introduction
Cancer immunotherapy is designed to boost or engineer immune cells (in particular T cells) to fight against cancer cells while leaving normal cells untouched. The host immune system consisting of arms of innate and adaptive immunity plays an essential role in immunosurveillance, recognition and destruction of cancer cells [1, 2] . Among immune cells, tumor-reactive T-cells have been demonstrated to play a direct role in tumor rejection in murine tumor models and human cancers 30 years ago by adoptive transfer experiments [3] [4] [5] . More recently, T cell-based immunotherapy has been successfully used to treat many human cancers, such as melanoma, renal cell carcinoma, and lymphoma with varying degrees of tumor regression [5] [6] [7] [8] . Although CD4 + and CD8 + T cells are the major components of T cell-mediated antitumor immunity, natural killer (NK) and NKT cells may also play a role in immunosurveillance against cancer [2, [9] [10] [11] [12] .
To understand and develop tumor-specific immunity for cancer therapy, great efforts have been made towards identification of cancer antigens recognized by immune cells or antibodies. Using tumor-reactive T cells, many immunogenic tumor antigens have been identified [13] [14] [15] [16] [17] [18] [19] . Clinical studies using molecularly defined tumor antigens show that cancer vaccines can induce antigen-specific immune responses in patients, but overall immune responses are weak and transient [20] . More than 100 cancer vaccine clinical trials using proteins, peptides, RNA, antigen-expressing viruses and whole tumor cells have been conducted in the United States [21] [22] [23] . In 2010, APCs loaded with a tumor antigen was approved by US Food and Drug Administration (FDA) for the treatment of metastatic prostate cancer. However, because of the expensive cost and limited extension of patient survival of 4.1 months, this FDA-approved vaccine did not have a broad application in the treatment of prostate cancer patients. Thus, therapeutic cancer vaccines with broad application and improved clinical efficacy are urgently needed.
Among the many factors that contribute to the low clinical response rates of cancer vaccines, immune suppression plays a major role. These include checkpoints or roadblocks (cytotoxic T lymphocyte antigen-4 (CTLA-4), programmed cell death-1 (PD-1) and its ligand PD-L1) for T cell activation and function [24] [25] [26] , regulatory T cells, other immunosuppressive cells and inhibitory cytokines [27] [28] [29] [30] [31] [32] [33] . To enhance antitumor immunity, it is necessary to remove these roadblocks so that T cells can be fully activated and functional for the eradication of cancer cells. Importantly, anti-CTLA-4 antibody therapy has shown therapeutic effects on several types of cancer [34] [35] [36] [37] . The first checkpoint inhibitor, ipilimumab (Yervoy, anti-CTLA-4), was approved by US FDA for the treatment of metastatic melanoma in 2011. More recently, pembrolizumab (Keytruda, anti-PD-1) and Nivolumab were approved for the treatment of metastatic melanoma in 2014. These checkpoint inhibitors have now been approved for the treatment of many types of cancer, including melanoma, lung cancer, bladder cancer and renal cell carcinoma [36, 38, 39] . It should be noted that these checkpoint blockade therapies rely on the presence of tumor-specific T cells at tumor sites, which is highly correlated with PD-L1 expression on cancer cells [38] . Furthermore, recent clinical trials, using antigen-specific T cell receptor (TCR) for the treatment of patients with synovial sarcoma, metastatic melanoma or myeoloma, and CD19-chimeric antigen receptor (CAR) for leukemia and lymphoma, have shown promising clinical responses [40] [41] [42] [43] [44] [45] [46] [47] [48] .
Despite these significant progresses of cancer immunotherapy, more than 50% of cancer patients fail to respond to checkpoint blockade therapy. There are only limited numbers of immune targets (checkpoint targets: CTLA-4 and PD-1/PD-L1, and TCR/CAR T cell therapy targets: NY-ESO-1 and CD19) that have demonstrated clinical success, although many immune targets and cancer antigens have been identified. Because of their expression patterns, many of these cancer antigens are not suitable for TCR-based immunotherapy due to potential toxicities associated with self-antigens or cross-reactivity with unanticipated antigens in essential tissues. CD19-CAR T-cell immunotherapy works well in blood cancer, but this CAR-T technology does not yet work well in solid cancer so far. In this article, we intend to discuss recent progresses in the rapid-moving field of cancer immunotherapy, with an emphasis on how to identify cancer-specific antigens, in particular mutation-derived neoantigens, as potential targets for vaccines and TCR-engineered T cell immunotherapy approaches, and how to develop novel strategies for enhancing antitumor immune responses by overcoming immune suppression in the tumor microenvironment.
The principles and unique features of T cell activation and immunotherapy
The goals of cancer immunotherapy are to activate and expand cancer-specific T cells, which will eliminate cancer cells by recognizing antigen targets expressed on them. In the past 25 years, accumulating evidence indicates that the development of cancer-specific immunity requires three sequential signaling events ( Figure 1 ). First, antigen-presenting cells (APCs) such as dendritic cells (DCs) capture and process cancer antigens from tumor cells, and then present antigenic peptides through the complex with major histocompatibility complex (MHC) molecules for recognition by TCR of a T cell (signal 1). In general, antigenic peptides for MHC class I (MHC-I) presentation for CD8 + T cell recognition are approximately 9-amino acid long and presented through human leukocyte antigen (HLA) molecules with closed pocket ends. Antigenic peptides for CD4 + T cell recognition are of various lengths and are presented through MHC class II (MHC-II) molecules with open pocket ends. Second, T cell activation requires further stimulation of the co-stimulatory surface molecules B7 on APCs and CD28 on T cells (signal 2). Thus, both signals 1 and 2 are required to achieve full T cell activation. Conversely, antigenic peptide stimulation (signal 1) in the absence of co-stimulation (signal 2) cannot induce full T cell activation, thus resulting in T cell tolerance. In addition to co-stimulatory molecules, there are also inhibitory molecules, such as CTLA-4 and PD-1, which induce negative signals to prevent T cell activation [36, 49] . Finally, optimal T cell activation is also instructed by innate immune signaling-induced cytokines (so called signal 3). Innate immune response is the first defense system against invading pathogens and cancer cells by sensing pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs) through germline-encoded pattern-recognition receptors (PRRs), including Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), Nod-like receptors (NLRs), AIM2-like receptors (ALRs), C-type lectin receptors (CLRs) and other DNA sensors [50] [51] [52] [53] . Antigenic peptide stimulation initiates T cell activation, Figure 1 Signaling and regulatory mechanisms of T cell activation and inhibition. T cell activation requires MHC/peptide-TCR stimulation (as signal 1) and co-stimulatory signaling between B7 and CD28 (as signal 2). Full activation of T cells is instructed by innate-immune signaling-induced cytokines (as signal 3). Meanwhile, T cell activation is regulated and suppressed by co-inhibitory signaling such as B7-CTLA-4 and PD-L1-PD-1 signaling, as well as by regulatory T cells.
but the degree of T cell activation is further determined by the balance between co-stimulation and co-inhibitory signaling and proinflammatory cytokines induced by innate immune signaling. Besides T-cell-intrinsic regulation, T cell activation is also controlled by external factors (extrinsic regulation), such as CD4 + regulatory T (Treg) cells and myeloid-derived suppressor cells (MDSCs), which inhibit the development and function of effector T cells [27, 30, 54] . These immunosuppressive cells are usually present in high abundance in the tumor microenvironment and inhibit antitumor immunity. Therefore, blockade of Treg cell-mediated suppression as another checkpoint of immune activation might be critically important for the development of successful immunotherapy. Based on immune targets and checkpoints of T cell activation and regulatory signaling, we propose three types of cancer immunotherapy drugs: 1) cancer vaccines targeting T cell activation signal 1; 2) blockade of co-inhibitory signaling pathways; and 3) blockade of Treg cells-or MDSCs-mediated immunosuppression in the tumor microenvironment.
The features of cancer immunotherapy are 1) specificity or precise recognition of tumor antigens on cancer cells; 2) memory function that allows generation of long-lasting antitumor immunity; and 3) that major targets of immunotherapy are on immune cells regulating their activation and function, but not directly on tumor cells for destruction. Thus, the goal of cancer immunotherapy is to educate and boost tumor-specific immune cells, which, in turn, recognize and kill tumor cells to achieve therapeutic efficacy of cancer treatment.
Adoptive T cell therapy with tumor-infiltrating lymphocytes (TILs)
Adoptive cell therapy (ACT) has been pioneered by Rosenberg and his co-workers at National Cancer Institute (NCI), NIH, and has been one of the most effective treatments for patients with metastatic melanoma [55] [56] [57] . The clinical efficacy of ACT has been dramatically improved by pre-conditioning of patients with a non-myeloablative immunodepleting regimen consisting of cyclophosphamide and fludarabine before T cell infusion [58] . Objective clinical response rate of 50% has been achieved for patients with metastatic melanoma, who are refractory to all other treatments [5, 6] . This pre-condi-tioning regimen is critically important because it depletes circulating lymphocytes as well as those at tumor sites for a short period of time before host hematopoietic cell recovery, thus likely removing suppressive Treg cells and allowing antitumor T cells to survive and expand after adoptive T cell transfer. Further modifications such as body irradiation result in the highest objective clinical responses (72%) in all patients receiving the treatment [59] . However, for many cancer patients ACT with autologous TILs may not be suitable because of variable availability of tumor tissues and difficulties in the successful generation and expansion of TILs from other types of cancer. Nonetheless, tumor-specific TILs have been generated from epithelial cancers, and used for the treatment of cancer patients [60] . Overall, the success rate of generating TILs from other types of cancer is much lower than that seen in melanoma. Thus, despite the impressive clinical response rate of ACT, it has not been approved as an anticancer immunotherapy drug. Alternative approaches are to identify immune targets recognized by tumor-reactive T cells or to clone tumor-specific TCRs for use in the engineered T cell immunotherapy.
The first wave of tumor antigen discovery using tumor-reactive T cells
Tumor antigens recognized by CD8
+ T cells In parallel to ACT, great efforts have been made in the last 25 years in cancer antigen discovery with goals to develop cancer vaccines. The first human tumor antigen was identified by screening a cDNA expression library with tumor-reactive HLA-restricted CD8 + T cells in 1991 [61] . Since then, many tumor antigens have been identified by using T cells with an antitumor activity [14, 16, 62, 63] (Table 1) . Meanwhile, antibody-reactive tumor antigens have also been identified by serological analysis of expression cDNA libraries (SEREX) [64] . These tumor antigens can be classified into several types: 1) tissue-specific tumor antigens with higher expression in cancer cells compared with normal cells, which include tyrosinase, MART-1, gp100, TRP-1/gp75 and TRP-2 proteins. 2) Tumor-specific and shared antigens that are expressed in cancer and testis, but not in other normal tissues, which include MAGE-A1 and NY-ESO-1. These antigens are also called cancer-testis (CT) antigens based on their expression patterns (Table 1) . However, many CT antigens have been found in other normal tissues with low expression. 3) Tumor-specific and unique antigens that are mutated antigens, including CDK4, catenin and caspase-8 antigens. 4) Overexpressed tumor antigens that are overexpressed in cancer cells compared with in normal cells. Due to the cytotoxic property of CD8 + T cells and with an emphasis on broad and shared antigens for vaccine development, the majority of tumor antigens identified in the last two decades are shared nonmutated antigens (Table 1) , with limited numbers of antigens being mutated or unique antigens.
Different mechanisms responsible for T-cell epitope generation
Screening cDNA expression library for tumor antigen discovery with tumor-reactive T cells derived from cancer patients has revealed several distinct mechanisms by which MHC-I-restricted peptides are generated for T cell recognition.
T cell epitopes translated from alternative open reading frames (ORFs) In general, one gene is transcribed into one mRNA (also spliced isoforms for many genes), which then is translated into one polypeptide from the normal ORF. However, in some cases, an mRNA can also be translated into more than one gene products or proteins ( Figure 2 ). Using T cells with in vivo antitumor activity, we found that two gene products were translated from the TRP-1/gp75 cDNA using the normal and alternative ORFs. Importantly, tumor-reactive T cells recognized an antigenic epitope derived from alternative ORF product [65, 66] . This represents the first example of a human cancer antigen that is generated from an alternative ORF and recognized by T cells from cancer patients. A second example is NY-ESO-1, an immunogenic CT antigen independently identified by antibody and T cell screening, respectively [67, 68] . We found that some CTL clones from TIL586 recognized antigenic peptides derived from the primary ORF (ORF1) of CTAG1B (NY-ESO-1), which encodes a protein of 180 amino acids, while other T cell clones failed to recognize peptides from the NY-ESO-1 protein, but were still capable of recognizing NY-ESO-1 cDNA-transfected cells and tumor cells [68] . Further experiments revealed that these T cells recognized a peptide derived from a 58-amino acid polypeptide translated from NY-ESO-1 ORF2. Thus, NY-ESO-1 mRNA can be translated into two gene products (180 amino acids and 58 amino acids). In addition, LAGE-1, a homolog of NY-ESO-1 with 87% amino acid identity [69] , was also found to be translated into two gene products. The alternative ORF of LAGE-1, designated as CAMEL, produces T cell epitopes recognized by HLA-A2-and HLA-DR-restricted T cells [70, 71] . T cell epitope from the primary ORF of LAGE-1 is recognized by HLA-DR13-restricted T cells [72] . Both NY-ESO-1 and LAGE epitopes from primary and alternative ORFs can be efficiently presented for T cell recognition [68, [72] [73] [74] . Other examples of alternative ORF products as immune targets include M-CSF and intestinal carboxyl esterase [75, 76] . These studies suggest that many proteins may be translated from alternative ORFs in vivo, but the biological significance of these gene products requires further investigation besides their roles as immune targets. It appears that the host immune system not only provides surveillances for gene products from primary ORFs, but also monitors proteins or peptides from alternative ORFs.
T cell epitopes derived from somatic mutations (neoantigens) The first human mutated antigen (neoantigen) was identified from the mutated CDK4 protein in a cDNA expression library screening [77] . Subsequently, several neoantigens have been reported from mutated β-catenin and CASP 8 proteins [78, 79] (Table 1) . Using an improved sensitive screening assay and multi-specific mixed lymphocyte-tumor cell cultures (MLTCs), five antigens derived from mutations of distinct genes and two nonmutated antigens (tyrosinase and gp100) were identified [80] . In MLTCs T cell reactivity against neoantigens prevailed over response to nonmutated tumor antigens. TILs with antitumor activity in vivo also recognized two neoantigens derived from mutated growth arrest-specific gene 7 (GAS7) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [81] . It should be noted that identification of neoantigens using cDNA expression screening is not efficient, and the utility of this approach in clinical settings is unclear.
T cell epitopes from intronic sequences or untranslated regions Aberrant RNA splicing could generate different mRNAs or mRNA containing introns, which can be translated into protein products that can be detected by the immune system. Genome-wide analyses of alternative splicing show that 40%-60% of human genes undergo alternative splicing, contributing to functional complexity of the human genome [82] . T cell epitopes could be generated from an aberrant mRNA or the intron of an incompletely spliced mRNA. For example, a cryptic promoter present in one of the introns of the N-acetylglucosaminyltransferase V (GnT-V) gene is responsible for the generation of an aberrant transcript. A T cell epitope of the gene product of 74 amino acids predicted from the intronic transcript of GnT-V was identified from a cDNA library using HLA-A2-restricted T cells [83] . Similarly, T-cell epitopes were identified from an intron of an incompletely spliced form of the gp100 RNA (gp100-intron 4) and a partially spliced form of TRP-2 (TRP-2-INT2) [84, 85] . Thus, alternative promoter usage or aberrant splicing events in cancer cells can result in the translation of aberrant mRNAs or intron-containing mRNAs into proteins or peptides that are then presented by MHC class I molecules to T cells. A recent study shows that peptides can be produced for the MHC class I pathway by a translation event occurring before mRNA splicing [86] . We recently identified a T cell epitope from the untranslated region of an mRNA (unpublished data). These results suggest that the immune system monitors antigen expression and processing beyond the coding regions.
Antigenic peptides derived from protein splicing
Several antigenic epitopes have been identified to result from protein splicing [148] [149] [150] . In these cases, T cell epitopes are generated from the fusion of the N-termi- Tumor-specific mutated antigens (neoantigens)
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*Stop codon changed to C due to a mutation. **Frame shift mutation.
nal and C-terminal peptides, while the central portion of the original peptide is not required for T cell epitope formation. We recently also identified several antigenic peptides that are generated from protein splicing for T cell recognition (unpublished data). Even though proteasome-generated spliced epitopes have been reported, such protein-splicing derived epitopes are generally rare events. Interestingly, a recent study shows that the proteasome-generated spliced peptide pool could account for one-third of the entire HLA class I immunopeptidome in terms of diversity and one-fourth in terms of abundance [151] . However, it is not clear how many or what percentages of tumor antigens are generated through this mechanism. Nonetheless, proteasome-generated MHC class I-restricted spliced cancer peptides may represent a previously untapped source of epitopes for use in vaccines and cancer immunotherapy [151] . MHC class II-restricted spliced T cell epitopes from cancer cells have not been reported so far.
Tumor antigens recognized by CD4 + T cells Given the importance of CD4
+ T cells in antitumor immunity, many MHC class II-restricted tumor antigens capable of stimulating CD4 + T helper (Th) cells have been identified [9, 16] . As shown in Figure 3 , CD4 + T cells recognize peptides bound to MHC class II molecules on the cell surface of APCs or tumor cells through a multistep process, which is distinct from MHC class I endogenous antigen presentation and favors presentation of antigens derived from exogenous proteins [152] . MHC-II α and β molecules form a dimer in endoplasmic reticulum (ER) followed by association with an invariant chain (Ii). Ii chain is a nonpolymorphic type II transmembrane glycoprotein and exists as several isoforms due to alternative splicing and alternative usage of start codons for translation [153] . Association of Ii with MHC-II αβ molecules prevents antigenic peptide binding in the ER. A targeting sequence in the cytoplasmic tail of Ii is responsible for the transport of nonameric (αβIi)3 complexes from the ER to acidic endosomal/lysosomal-like structures called MHC class II compartments (MIIC) [152] . Some endogenous antigens can be directly targeted to MIIC or late endosome through lysosomal targeting sequence, while most MHC-II antigens are delivered to MIIC/late endosome through multiple pathways, including phagocytosis, macropinocytosis, endocytosis and autophagy pathways [152] . Therefore, most proteins expressed from regular cDNA libraries will not reach MIIC/late endosome for antigen processing. MHC class II antigen processing and presentation require products of at least five genes (DRα, DRβ, Ii, DMα, and DMβ) in the specialized MIIC (Figure 3) . Ii chain is cleaved in acidic endosome or MIIC, but a 20-amino acid peptide of Ii still remains associated with MHC-II molecules, called CLIP (class II-associated invariant chain peptide). DMα and DMβ promote CLIP release from MHC-II, thus making MHC-II molecules ready for antigenic peptide loading. Furthermore, DM molecules can remove low-affinity peptide from MHC-II molecules, and thus only MHC-II/high-affinity antigenic peptide complexes will be presented on the surface of a cell for T cell recognition (Figure 3 ). Autologous B cells or DCs derived from the same patient can be used as APCs for transfection with minigene RNAs or loading with purified proteins, but conventional expression systems for endogenous protein expression in cells are not suitable for MHC class II antigen processing and presentation. Due to poor transfection efficiency of primary cells, we produced 293ECIIDR cells expressing DRα, DRβ, DMα, DMβ, and Ii as "professional" APCs. This system has been successfully used to identify many MHC class II-restricted antigens recognized by tumor-reactive T cells ( Figure 4 and Table 2 ).
Mutated antigens recognized by patient-derived CD4
+ T cells New epitopes derived from fusion proteins We have developed the genetic targeting expression (GTE) system for identification of antigens recognized by CD4 + T cells [14, 154, 155] . One of these antigens is the fusion gene product LDFP recognized by HLA-DR1-restricted CD4 + T cells (Table 2 ) [154] . DNA and RNA analyses show that LDFP was generated by fusing a portion of low-density-lipid receptor (LDLR) gene at the 5′ end to a portion of GDP-L-fucose:β-D-galactoside 2-α-L-fuco-syltransferase (FUT) gene in an antisense orientation at the 3′ end ( Figure 4D ). The fusion gene encodes the first five ligand-binding repeats of LDLR in the N-terminus followed by a new polypeptide translated in frame with LDLR from the FUT gene in an antisense direction [154] . Recently, it has been reported that pathogenic CD4 + T cells in type 1 diabetes recognize epitopes formed by covalent cross-linking of proinsulin peptides to other peptides present in beta cell secretory granules [156] . These results suggest that fusion proteins play a critical role in elicting immune responses in cancer and other diseases.
Neoantigens derived from somatic mutations
One example of mutation-derived neoantigens is a mutated form of triosephosphate isomerase (TPI) identified by both biochemical and GTE approaches ( Figure 4B and Table 2 ) [155, 157] . The somatic point-mutation gives rise to an HLA-DR1-restricted peptide recognized by CD4 + T cells. TPI plays an important role in glycolysis and is essential for efficient energy production, suggesting that the mutated TPI may be involved in cancer cell metabolism. A mutated fibronectin (FN) is another example that mutation-derived epitope is recognized by tumor-reactive CD4 + T cells [158] . The mutation resulting in the substitution of a Glu residue with Lys creates a neoepitope for T cell recognition ( Figure 4A ). Interestingly, the mutated FN alters the extracellular matrix and promotes tumor metastasis [158] .
Nonmutated epitopes derived from mutated antigens
The third type of mutated antigens recognized by CD4 + T cells is represented by mutated human CDC27 [155] , an important component of the anaphase-promoting complex involved in cell cycle regulation (Table 2 ). Sequencing analysis revealed 5 mutations within the CDC27 coding region, resulting in amino acid changes. In this case, the mutations do not constitute a T-cell epitope, but alter protein trafficking and cellular distribution, thus allowing a *Fusion polypeptide-derived epitope. **T cell epitope derived from a noncoding gene. ***Frame-shift mutation generated T cell epitope.
nonmutated peptide within CDC27 to be processed and presented to T cells ( Figure 4C ). Therefore, the location or trafficking of a protein can determine whether it is processed and presented for T-cell recognition.
T epitopes derived from mutated mitochondrial proteins Most tumor antigens identified to date are coded by genomic DNA. However, our previous study shows that a mutated mitochondrial protein (cytochrome b), which is coded by mitochondrial DNA, can serve as an antigen recognized by CD4 + T cells [159] . Notably, this antigen is a translational product of an alternative ORF of cytochrome b mRNA. Since cytochrome b functions as part of the electron transport chain and is the main subunit of transmembrane cytochrome bc1 and b6f complexes, mutations in cytochrome b suggest that en- ergy metabolism may be altered in these cancer cells. Although many mutations in the mitochondrial genome have been identified [160] , little is known as to whether these mutations trigger immune responses.
Nonmutated epitopes derived from tumor-specific antigens or noncoding RNA Besides mutation-derived neoantigens, cDNA expression library screening allowed us to identify LAGE-1 as a tumor-specific antigen and ARTC1 as an antigenic peptide translated from a noncoding RNA (Table 2) [31, 161] . Several MHC class II-restricted epitopes have been identified by using HLA-DR transgenic (Tg) mice in combination with peptide stimulation in vitro [162, 163] . NY-ESO-1 is one of the most immunogenic cancer antigens recognized by both antibodies and T cells [67, 68, 130] . Notably, 10%-13% of patients with advanced cancer developed high titer antibody response against the NY-ESO-1 protein [163, 164] . Importantly, we identified a T-cell epitope in NY-ESO-1 presented by HLA-DP4, a predominant allele expressed in 40%-70% of the population [165] . Due to the sequence similarity between NY-ESO-1 and LAGE-1, some of the T cell epitopes are shared between these two proteins. Nevertheless, we also identified a unique HLA-DR13-restricted peptide from LAGE-1 [31] . Both LAGE-1 and NY-ESO-1 can be recognized by Th1 and Treg cells [31, 166] , suggesting that these cancer antigens can activate Th1 and Treg cells, depending on particular epitope affinity and cytokine milieu in the tumor microenvironment.
Clinical development of cancer antigen-based vaccines and engineered T cell immunotherapy

Cancer vaccine development
Professional APCs such as DCs can potently induce antigen-specific T cell responses. DCs loaded with cancer antigens or tumor lysates have been used to vaccinate cancer patients with limited success. Although the US FDA approved the first therapeutic cancer vaccine drug (Provenge) for the treatment of metastatic castration-resistant prostate cancer in 2010 based on an overall survival benefit of 4.1 months, the sipuleucel-T vaccine comprising blood monocytes loaded with a fusion protein of the prostate antigen prostatic acid phosphatase linked to an immunostimulatory factor granulocyte-macrophage colony-stimulating factor (GM-CSF) failed to show strong clinical therapeutic evidence, such as tumor regression and PSA reduction. Interestingly, some evidence for a therapeutic effect as indicated by tumor growth inhibition and regression was observed in patients who received peptide vaccines [182, 183] .
However, objective complete clinical responses were sporadic, even though CTL reactivity was clearly evident after one round of stimulation in vitro of PBMCs from the majority of vaccinated patients [20] . Analysis of the infiltrating lymphocytes in skin and tumor biopsies using specific peptide-MHC tetramers showed the generation of antigen-specific CD8 + T cells [184] . A multi-center phase II clinical trial using gp100 peptide with or without IL-2 shows that the gp100 peptide vaccine plus IL-2 group had a significant improvement in centrally verified overall clinical response as compared with the IL-2-only group (16% vs 6%), as well as longer progression-free survival [185] . MAGE-A3 peptide/protein vaccines were also tested in phases II and III clinical trials [186] [187] [188] , but a MAGE-A3 phase III clinical trial failed to meet the projected requirement in patients with resected nonsmall cell lung cancer. Consistent with these clinical development of cancer vaccines, phase I trials using NY-ESO-1 recombinant protein or synthetic peptides have been conducted in melanoma and ovarian cancer patients [189] [190] [191] [192] , showing that NY-ESO-1 vaccines can induce antigen-specific immune responses, but are insufficient to eradicate cancer cells. We recently completed a phase I clinical trial to evaluate the safety and feasibility of combined use of MHC class I and class II NY-ESO-1 peptides in metastatic prostate cancer patients. Nine patients were enrolled in this study. We found that peptide vaccines were well-tolerated [193] . We observed prolonged median PSA doubling time compared with baseline in 6 patients and a decrease in PSA level in 2 patients. Strong NY-ESO-1-specific T cell responses were observed in 6 of the 9 patients [193] . These encouraging clinical results provide great impetus to investigate whether antitumor immunity induced by NY-ESO-1 peptide vaccines can be further enhanced by a combination therapy with anti-PD-1 or by blocking immune suppression of Treg cells.
CAR-engineered T cell immunotherapy
In light of the sporadic and limited success of cancer vaccines, recent success in the CAR-engineered T cell immunotherapy targeting the B cell lineage differentiation antigen CD19 in B cell malignancies has provided new opportunities to treat cancer. Since the first report of CD19-CAR T cell therapy [48] , this immunotherapy strategy has been successfully extended to treating patients with many types of chemotherapy-refractory B cell malignancies, including acute lymphoblastic B cell leukemias (ALLs), chronic lymphocytic leukemias (CLLs), aggressive B cell lymphoma, and marginal zone lymphoma [41, 43, 194, 195] . A major toxicity associated with CAR T cell therapy is cytokine release syndrome (CRS) resulting from an exuberant release of cytokines such as IFN-γ and IL-6 from infused T cells when they encounter CD19-positive tumor cells [46, 47] . Clinical symptoms of CRS include high fevers, kidney failure, electrolyte abnormalities, hypotension, cardiac dysfunction, and seizures. Clinical toxicity associated with CD19-CAR therapy could be managed with anti-IL-6 antibody or immune suppression agents. Alternatively, Lim and his coworkers have designed "ON-switch" CARs that enable small-molecule control over T cell therapeutic functions while still retaining antigen specificity [196] . In these split constructs, antigen-binding and intracellular signaling components are separated without a dimerization agent, and then assembled together only in the presence of a heterodimerization-promoting small molecule, thus allowing one to precisely control the timing, location, and dosage of T cell activity for controlling potential toxicity [196] . Furthermore, several new designs of the CAR technology based on a synthetic Notch receptor system have been reported to enable T cell activation through recognition of combinational antigens, and to allow engineering of T cells with customized therapeutic response programs [197] [198] [199] . These studies illustrate the potential of combining cellular engineering with synthetic biology tools to produce safer therapeutic CAR-T cells for cancer immunotherapy. CAR T immunotherapy is extensively reviewed by a separate article in this issue, and thus is only briefly discussed here. Although CAR T cell immunotherapy works well in many types of blood cancer, there are two major issues that remain to be resolved. First, approximately 40%-50% of patients who received CD19-CAR T cell therapy will have recurrence within one year, and the underlying mechanisms remain unclear. The second issue is that CAR T cell therapy does not yet work well in solid cancers, even though many CAR T cell therapies target surface molecules expressed by solid cancers [46] . Thus, immune suppression in the tumor microenvironment is a major obstacle for T-cellbased immunotherapy.
TCR-engineered T cell immunotherapy
As mentioned above, NY-ESO-1 is one of the best cancer antigens for cancer immunotherapy; clinical trials using NY-ESO-1 peptides, proteins and viruses encoding NY-ESO-1 show that NY-ESO-1-specific T cell responses can be readily induced in cancer patients and are safe, but not sufficient to eliminate cancer. To improve clinical response, recent clinical trials using HLA-A2-restricted NY-ESO-1 TCR-transduced T cells showed clinical response rates of 55%-60% in metastatic synovial sarcoma, melanoma, and myeloma without toxicity [40, 44, 200] , suggesting that adoptive transfer of a large number of NY-ESO-1-specific TCR-transduced T cells can produce therapeutic immunity and mediate tumor regression. A previous study shows that adoptive transfer of HLA-DP4-restricted NY-ESO-1-specific CD4 + T cells results in tumor regression in a metastatic melanoma patient [201] . Indeed, a recent study shows that adoptive transfer of mutation-specific CD4 + T cells results in the regression of metastatic cholangiocarcinoma (an epithelial cancer) in a cancer patient [202] , suggesting that tumor-specific CD4 + T cells are capable of mediating tumor regression in epithelial cancers.
Despite robust antitumor immunity using TCRs targeting diverse cancer antigens, there are severe unanticipated adverse effects resulting from T cell recognition of tissue-specific antigens gp100 and MART-1 expressed by both normal melanocytes and melanoma [203] , or from the cross-reactivity of higher affinity MAGE-A3 TCR-transduced T cells against epitopes in unintended targets in normal and essential tissues [204, 205] . Vaccination of cancer patients with gp100 and MART-1 resulted in objective clinical response without serious toxicity to melanocytes [182, 185] . However, clinical studies using high-affinity MART-1 TCR-engineered T cells showed severe toxicity, including the destruction of normal melanocytes in the skin, eye, and ear, and sometimes requiring local steroid administration to treat uveitis and hearing loss [203] , compared with patient-derived TCR-engineered T cell therapy [206] . Similarly, serious toxicity was not observed with endogenous MAGE-A3-reactive T cells from cancer patients or patients vaccinated with a MAGE-A3 protein [188, 207] . MAGE-A3 is highly expressed in cancer cells, but not in normal cells. Notably, other members of MAGE family proteins such as MAGE-A12 show low levels of expression in normal tissues including the brain. HLA-A2-restricted affinity-enhanced MAGE-A3 TCR-engineered T cell therapy showed unanticipated toxicities, including mental status changes, comas and subsequent death; further experiments reveal that the engineered T cells have cross-reactivity with MAGE-A12 and MAGE-A9 [204] , which are weakly expressed in the brain tissue. In another clinical trial using HLA-A1-restricted high-affinity MAGE-A3 TCR, two patients died of cardiovascular-related issues due to cross-reactivity with a peptide derived from the muscle-specific protein TITIN [205] . Thus, while cancer vaccines using tissue-specific antigens or CT antigens such as MAGE-A3 are safe, but not potent enough to eradicate cancer, clinical studies using affinity-enhanced TCRs show the increased ability to recognize target tumor cells, but they also increase the risks of self-destruction of normal tissues or cross-reactivity against unanticipated targets expressed in essential normal tissues. For these reasons, it is better to include an inducible safety cassette or a regulatory switch in these TCR constructs, as demonstrated in CAR-based constructs [196, 197, 208] .
Based on its expression profile and clinical studies, NY-ESO-1 is considered one of the best targets identified for solid cancer immunotherapy with NY-ESO-1 TCR-engineered T cells. Although NY-ESO-1 is widely expressed in many types of solid cancer, the expression frequency in melanoma, prostate cancer, triple-negative breast cancer, liver cancer and lung cancer is in the range of 20%-40%. It is not frequently expressed in gastric, colon and pancreatic cancers. Therefore, it is an urgent need to develop therapeutic vaccines that can target many tumor antigens and augment antitumor immunity to eliminate cancer cells by acting alone or in combination with checkpoint blockade. Alternatively, we need to identify more cancer-specific neoantigens for cancer immunotherapy, as described below.
The second wave of tumor antigen discovery: mutation-derived neoantigens
In the last 25 years, tumor immunologists have paid more attention to nonmutated and shared cancer antigens than mutation-derived neoantigens for the development of broad-coverage cancer vaccines. Several mutation-derived neoantigens such as mutant CDK4, β-catenin and caspase-8 serving as targets for CD8 + T cell recognition of tumor cells have been documented long time ago. Similarly, our group has identified an array of mutated antigens from human cancer as targets recognized by CD4 + T cells through the screening of a tumor-derived cDNA expression library with T cells. The majority of tumor-reactive CD4 + T cells recognize mutated antigens. However, how to rapidly identify neoantigens and how to use them as immunotherapy targets remain an important challenge because of their private and patient-specific nature.
Recent large-scale sequencing projects have identified many mutations and genetic alterations in major cancer types and provided a comprehensive view of somatic mutational landscapes in cancer and potential therapeutic targets for cancer treatment [209] [210] [211] [212] [213] [214] [215] . It appears that the frequencies of somatic mutations vary widely among tumor types ranging from very few mutations in blood cancer in children to very high mutation levels in solid cancer, such as lung cancer, colon cancer, and melanoma [209, 210] . Analysis of exome sequencing data from breast and colon cancers predicted that many mutations could be presented as neoantigens for T cell recognition [216, 217] . Notably, not all mutations can be processed for T cell recognition. Proteins containing somatic mutations must be processed to short peptides (generally 9 amino acids for MHC-I and variable length (average 13-15 amino acids) for MHC-II) to be presented by MHC molecules on the cell surface for T cell recognition ( Figure  3) . Thus, whether mutated peptides can be recognized by T cells depends on several factors: 1) whether mutated peptides can be naturally processed to a short peptide with a specific MHC-binding motif; 2) the binding affinity of mutated peptides to MHC molecules (peptide/MHC density on the cell surface); and 3) the affinity of TCR binding to mutated peptide/MHC complexes.
Using exome sequencing and computer-assisted epitope prediction, several neoantigens have been identified from B16 melanoma, methylcholanthrene-induced sarcoma and a transgenic tumor model [218] [219] [220] . These studies demonstrate that neoantigens can be rapidly identified within a few weeks and can serve as tumor-specific targets for T cell-mediated recognition and destruction of tumor cells. Similarly, several neoantigens have been identified from human cancer recognized by CD8 + and CD4 + T cells through exome sequencing and screening for T cell responses [221] [222] [223] . More recently, it has been further demonstrated that neoantigen-specific T cells can be isolated from patient PBMCs using FACS analysis and purification, although their frequencies are much lower than neoantigen-specific T cells in the corresponding TIL populations [45, 224] . These studies raise the possibility to obtain neoantigen-specific T cells from patient's blood for personalized immunotherapy and precision cancer medicine ( Figure 5 ).
Neoantigen-specific T cells may play a critical role in tumor regression observed in checkpoint blockade therapy, which relies on the presence of tumor-infiltrating T cells at tumor sites. Using next-generation sequencing, peptide motif prediction and mass spectrometry validation, one study reports the identification of three neoantigens from MC38 tumor cells and demonstrates that vaccines comprising these neoantigens plus polyinosinic:polycytidylic acid (poly(I:C)) and anti-CD40 induce therapeutic immunity [225] . In another study, two neoantigens were identified from MCA sarcoma cells. Vaccines containing these two neoantigens and poly(I:C) induced protective immunity against subsequent MCA sarcoma challenge, and generated therapeutic immunity in combination with anti-PD-1 and anti-CTLA-4 treatment [226] . Similarly, MHC class II-restricted neoantigens have been used to generate therapeutic immunity against neoantigen-expressing cancers using peptide-or RNAbased vaccine strategy [227] [228] [229] . Mutation-derived neoantigens may either alter the binding affinity to MHC molecules or the binding affinity of mutated peptide/ MHC complexes to TCR. It is not clear what kind of mutations could generate therapeutic immunity. However, a recent study suggests that neoantigens with improved binding affinity to MHC alleles likely can generate protective immunity [230] . To gain better understanding of therapeutic immunity in human cancer patients, a recent study identified several neoantigens from melanoma tissues collected at different time points. After vaccination with DCs loaded with neoepitope peptides, several neoantigen-specific T cell populations could be detected and expanded from the PBMCs of melanoma patients [231] . However, clinical responses in these melanoma patients were not presented. Although there is no direct evidence that neoantigen-specific T cells mediate tumor regression in the vaccine study or checkpoint blockade therapy, several studies show that mutational landscapes of cancer patients correlate with clinical response rates in checkpoint blockade therapies [232, 233] , suggesting that cancer cells with more mutations may generate more targets for T cell induction and recognition, thus becoming more immunogenic. Furthermore, T cells recognizing clonal neoantigens can be detected in patients with durable clinical benefit of checkpoint blockade [234] . These studies indicate that mutation-derived neoantigens may play an important role in inducing tumor-specific immune responses in checkpoint blockade immunotherapy.
Identifying neoantigens recognized by CD8
+ T cells Whole-exome sequencing of cancer cells and normal cells is the first step to identify somatic mutations. In general, surgically removed tumor tissues and normal cells such as PBMCs from the same patient are used for Figure 5 A schematic presentation of development of neoantigen-specific immunotherapy. Tumor samples and normal control tissues are obtained from a cancer patient for genomic DNA and RNA isolation. Whole-exome sequencing and bioinformatics analysis allows identification of non-synonymous mutations present in the tumor cells, but not in normal cells. RNA-seq will determine the expression profile of the mutated genes in cancer cells. Protein sequences with amino acid substitutions will be used to generate neoantigen-containing long peptides or tandem minigenes (TMGs), which are used to pulse autologous antigen presenting cells (APCs) in the form of peptides or transfected into autologous APCs or HLA-matched APCs. T cells obtained from the same patient will be used to screen against peptides-pulsed or TMGs-transfected APCs based on cytokine release from T cells or upregulation of activation makers (PD-1, 4-1BB and OX-40) on T cells after co-culture of T cells with APCs. Meanwhile, a single T cell can be isolated and tested for its reactivity against newly identified neoantigens. Neoantigen-specific T cells can be expanded for adoptive T cell therapy, as demonstrated for ERBB2IP (E805G) and KRAS (G12D) [60, 202, 240] , or used to identify neoantigen-specific T cell receptors (TCRs). These neoantigen-specific TCRs are cloned into expression vectors for further engineering of T cells in TCR-based immunotherapy. In addition, neoantigens can be used in synthetic (peptide, DNA and RNA) vaccines to elicit therapeutic immunity against cancer.
constructing whole-exome library and subjected to deep sequencing, which permits the identification of thousands of mutations and human variations against the 1000 human genome databases. Further direct comparison of tumor and normal cells will eliminate potential human variations presented in both cancer and normal cells. After further filtering analysis, true somatic mutations that are present in cancer cells, but not in normal cells will be identified ( Figure 5 ). RNA sequencing of tumor cells will determine whether the mutated genes are expressed in cancer cells. For a mutation to be presented for T cell response, a mutated protein must be expressed with amino acid changes due to non-synonymous mutations, and processed into a short peptide with high binding affinity to one of the patient's MHC molecules. Once somatic mutations are identified, these mutation-containing proteins will be analyzed by computer-assisted epitope prediction program to identify high-affinity binding mutated peptides as potential candidate neoantigens ( Figure 5 ). In subsequent validation steps, tumor-reactive T cells are the key to screening and identification of T cell-recognized neoantigens (Table 3) . TILs can be isolated from freshly obtained tumor tissues and used for screening candidate neoantigens [221] . Alternatively, neoantigen-specific T cells may be isolated from the patient's PBMCs based on upregulation of activation markers such as 4-1BB, OX-40 and PD-1 on T cells [224, 235] . For screening of neoantigens, long peptides that contain a mutated amino acid can be pulsed onto autologous APCs, which are then co-cultured with T cells to determine their reactivity based on cytokine release or upregulation of co-stimulatory molecules. Alternatively, minigenes encoding the mutated peptides are transfected into autologous APCs, and tested for T cell recognition [60, 202] . However, neoantigens could not be defined if the patient's T cells fail to recognize candidate neoantigens or if tumor-reactive T cells are not available. To overcome the limitation of poor T cell activity or unavailability of tumor-reactive T cells, we previously used in vitro peptide stimulation of cells from healthy donors to define immunogenic peptides with strong ability to stimulate CD4 + or CD8 + T cell responses [236] [237] [238] . More recently, this approach has been used to identify immunogenic neoantigens after in vitro stimulation of HLA class I-matched donor T cells with predicted neoepitopes [239] . Hence, if TILs or tumor-reactive T cells cannot be obtained from cancer patients, one can use the HLA-matched donor T cells to identify immunogenic neoepitopes after stimulation of T cells with predicted neoepitopes. An alternative approach is to elute neoantigen peptides from tumor cells obtained from the same patient, followed by reversed-phase HPLC fractionation and mass spectrometry (MS) analysis. If candidate neoantigens identified by exome sequencing and HLA-binding motif prediction are present in the pool of MS-identified peptides, it is likely that these candidate neoantigens are immunogenic [225] . However, definitive evidence for such neoantigens still requires T cell recognition ( Figure 5 ). Some of the neoantigens recognized by tumor-reactive T cells from TILs or PBMCs are summarized in Table 3 .
Identifying neoantigens recognized by CD4
+ T cells In a recent study, neoantigens recognized by CD4 + T cells were identified by exome sequencing and screening with peptide-loaded B cells [223] ; however, the use of TILs from three melanoma patients identified only a few (0-3) neoantigens, even though 125-312 mutations were identified in their tumor cells [223] . In a second study, two neoantigens were identified by screening tandem minigenes with CD4 + T cells, using minigene RNA-transduced B cells or DCs [202] . Furthermore, several neoantigens have been identified from human gastrointestinal cancers [60] . Based on these studies, it appears that the prediction program for MHC class II-restricted peptides is not accurate. Therefore, relatively fewer neoantigens recognized by CD4 + T cells have been identified so far. To overcome this issue, we recently developed a strategy to identify many neoantigens recognized by CD4 + T cells: we constructed a minigene library based on somatic mutations identified by whole-exome sequencing analysis, and screened the library with tumor-reactive TILs or T cell clones in an engineered 293-based APC system expressing mutation-containing minigenes (unpublished data).
Advantages and limitations of using neoantigens for cancer immunotherapy
Immunotherapy drugs including anti-CTLA-4 (ipilimumab/Yervoy®) and anti-PD-1 (pembrolizumab/Keytruda®, Nivolumab/Opdivo®) have been approved for the treatment of metastatic melanoma, lung cancer, and other malignancies. However, more than 50%-80% cancer patients fail to respond to checkpoint inhibitor therapy. Furthermore, TCR-based immunotherapy is currently limited to those expressing NY-ESO-1 and HLA-A2 molecules. For many types of solid cancer, alternative immunotherapy is not available for those who do not respond to checkpoint inhibitor therapy or those whose tumors do not present suitable targets. Given the cost-effective nature of next-generation sequencing, identification of genetic mutations is becoming a routine practice, thus providing an exceptional opportunity to develop personalized immunotherapy for cancer treatment. Uncovering GLFGDIYLAI ( 
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Neoantigens recognized by CD4 + T cells
cancer-specific neoantigens not only provides therapeutic targets for immunotherapy, but also can reveal the molecular mechanisms by which checkpoint blockade therapy activates neoantigen-specific T cells for clinical benefit. Cancer-specific mutated antigens are present in every tumor type regardless of the mutation frequency of the tumor, some of which can be identified as neoantigens recognized by the patient's own T cells. Therefore, rapid identification of neoantigens would provide excellent targets for personalized immunotherapy. In this regard, a wave of companies are developing personalized vaccines based on tumor-specific neoantigens, thus providing a timely boost for an important but failed area of cancer immunotherapy [241] . One key challenge is how to rap-idly identify neoantigens recognized by T cells and how to select candidates from the many identified neoantigens for vaccines or T cell immunotherapy. There are many limitations associated with neoantigen-based immunotherapy. First of all, the whole-exome sequencing-based approach will miss many immunogenic antigens, including cancer-specific and nonmutated shared antigens such as NY-ESO-1 and LAGE-1, as well as antigenic peptides derived from alternative ORFs and untranslated regions of mRNAs, incompletely spliced transcripts and introns, noncoding RNAs and mitochondrial proteins. Therefore, whole-genome sequencing plus RNA sequencing, and other approaches may be used to identify cancer-specific shared antigens for the broad coverage of cancer patients by immunotherapy. Secondly, because of the private or unique nature of neoantigens, it is necessary to identify neoantigens for each patient individually. Thus, high throughput and robust methods such as more reliable and accurate prediction programs are needed. Thirdly, once neoantigens have been identified for a specific patient, we need to develop neoantigen-specific vaccines using RNA, DNA or peptides, or generate neoantigen-specific TCR-based immunotherapy. Development of such personalized immunotherapies is very expensive, and requires new regulatory guidelines from the FDA. It is ideal to target multiple neoantigens with vaccines or TCR-based approach for clinical benefits, even though clinical studies show that therapy targeting a single target such as NY-ESO-1 TCR-or CD19-CAR-engineered T cell therapy can induce durable clinical responses. We recently observed that a single TCR can recognize multiple neoantigens, but not their wild-type counterparts, raising the possibility that a single or few TCRs can cover several neoantigens and recognize heterogenetic populations of cancer cells (unpublished data). Thus, cancer immunotherapy should consider both cancer-specific shared antigens and patient-specific unique neoantigens. Identification of neoantigens from large numbers of patients may lead to the discovery of shared neoantigens among certain groups of cancer patients. Establishment of neoantigen-specific TCR banks may allow one to cover the majority of cancer patients by "off the shelf" immunotherapy. Although further studies are needed to address these issues in the near future, it is certain that identification of both cancer-specific shared antigens and unique neoantigens will be the key to the development of immunotherapy for many types of cancers.
Concluding remarks
In the last 25 years, significant progress has been made in the field of cancer immunotherapy. In particular, several immunotherapy drugs have been approved for the treatment of several types of cancer with impressive and durable clinical responses. With encouraging results from CD19-CAR-and NY-ESO-1 TCR-engineered T cell immunotherapy, major university cancer centers and companies have joined the force to develop more effective immunotherapies for many types of cancer. It is projected that immunotherapy will become the mainstream of cancer treatment in the near future. The major challenges are to broaden cancer populations responding to checkpoint blockade therapy, and to target shared cancer antigens and unique neoantigens for the development of cancer vaccines or CAR and TCR immunotherapy. The key issues will be how to direct the trafficking of tumor-reactive T cells to tumor sites and to enable their long-term persistence for tumor destruction. To achieve these goals, 1) we need to develop methods for in vivo targeted delivery of peptides and RNAs into APCs such as DCs for inducing tumor-specific T cell responses; 2) it is critically important to overcome immune suppression mediated by Treg cells and other immune cells, besides the negative signaling of PD-1 and PD-L1; 3) importantly, shared antigen-or neoantigen-specific vaccines should combine with strategies that aim to overcome negative regulators or immune suppression to achieve maximal antitumor immunity and clinical responses; 4) finally, it is important to prolong T cell persistence through epigenetic and metabolic reprograming of T cells for cancer immunotherapy. Therefore, it is reasonable to believe that the combined use of immunotherapy with innate immune stimulation, chemotherapy or radiation therapy may enhance immune responses and clinical outcomes. The recent advances and rapid progress in the field represent an unprecedented opportunity for the development of cancer immunotherapy by offering the possibility to target novel immune targets and neoantigens for every cancer patient in the next few years.
